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Introduction

Social hierarchy refers to the structured organization of individuals
withinagroup, inwhich members differ in their influence and control
over resources' . This form of organization is a fundamental feature
of social life across species and has been documented in insects*?,
fish®"8, birds’ ™", rodents® ™, non-human primates” ", humans'®" and
many other species. Social hierarchies vary widely in form and steep-
ness, ranging from despotic systems — in which a single individual
monopolizes resources — to linear hierarchies, in which each group
member occupies a distinct ranked position®.

Within a hierarchy, the rank of an individual denotes its positionin
theoverallstructureandis conceptually analogoustoanordinal valueona
number line”. By contrast, the terms dominant and subordinate describe
relative positions between specificindividuals'. In despotic systems, how-
ever,‘dominant’is often used informally to describe the highest-ranking
individual, with all other individuals categorized as subordinates*.
Dominant individuals typically benefit from priority access to food,
mates and territory, exerting substantial influence over group dynam-
ics, although this status can carry high energetic and survival costs in
some species owing to high physiological demands®****, Conversely,
subordinatesfacerestricted resource access and must strategically adapt
their behaviour to minimize the risks of costly conflict*.

Hierarchies emerge naturally in social groups because repeated
interactions over limited resources require a stable mechanism for
resolving competition*?. Direct contests for food, shelter, mates or
social support are energetically costly and risky, and hierarchies reduce
these costs by establishing predictable asymmetries in access and
influence”. Once ranks are settled, subordinates typically yield with-
out escalation, thereby sharply reducing the frequency and severity
of conflict®. Stable rank relationships also allow individuals to make
decisions based on reliable expectations of competitive outcomes,
reducing uncertainty in foraging and mating®®. At the collective level,
hierarchies enhance group cohesion and coordination by limiting
unresolved conflict and enabling efficient division of labour or social
roles®. Thus, across species, social hierarchies prevail because they
increase efficiency, predictability and stability in social organization,
ultimately improving survival and reproductive success.

The sex specificity of social hierarchies varies across species and
reflects the ecological and reproductive pressures each sex faces. In
somespecies, hierarchiesforminboth sexes, whereasin other species,
they occur primarily in males or, less commonly, mainly in females®
(Box 1). Dual-sex hierarchies arise when both sexes face meaningful
competition over limited resources, such as food, nesting sites or
social partners®°. Male-only hierarchies occur insystemsin which males
experience intense sexual selection — often viacompetition for access
to mating opportunities — whereas females face comparatively relaxed
resource constraints®. Conversely, female-only hierarchies emerge
when female reproductive success is constrained by access to critical
resources, opportunities for cooperative breeding, or protection of
offspring, generating strong competition among females but relatively
weak competition among males* (Box 1).

In this Review, we first summarize the diverse routes through
which stable social hierarchies arise across species, highlighting both
fighting-based and non-fighting-based mechanisms. We then examine
the neural and endocrine processes that support rapid status transi-
tionsinresidency-based hierarchies. Next, we discuss plasticity within
hypothalamic and mesolimbic circuits that underlie fighting-based
dominance. Finally, we review the cortical networks that support social
intelligence — a central determinant of high social status in humans.

Routes to high social status

Different routes to high social status in animals

The factors that determine social rank vary widely across species, yet
inmany animals, social hierarchies emerge through repeated agonistic
encounters, during whichindividuals assess the competitive ability of
one another using contest outcomes. This fighting-based mechanism
is deeply conserved and has been documented across abroad range of
taxa, frominvertebrates to vertebrates"*. Some examples include cray-
fish (Procambarus clarkia)**, green anoles (Anolis carolinensis)*, domes-
tic fowl’>”, mice (Mus musculus)™®, male elephant seals (Mirounga
leonine)® and male chimpanzees (Pan troglodytes schweinfurthii)*°.
Together, studies of these species have demonstrated that competitive
assessment through fighting is one of the most ancient and pervasive
mechanisms underlying social rank.

Rodents provide a well-characterized mammalian model of
fighting-based hierarchy formation. Inmost laboratory settings, male
mice formsteep, largely linear hierarchies through repeated offensive
aggression, including biting, lunging and chasing”. Females, by con-
trast, typically display much milder forms of aggression — brief lunges,
mounts, chases or threat gestures — and rarely escalate to sustained
attacks*. Nevertheless, females still establish stable dominance rela-
tionships, although these hierarchies are generally less linear and less
despotic than those observed in males*. Across sexes and species,
once dominancerelationships are established, the frequency of overt
aggression declines sharply, as subordinates avoid challenging domi-
nants and dominants reduce the need for costly enforcement**. This
reductionin conflictis ageneral property of self-organizing hierarchies
and serves to minimize energetic expenditure and injuries®.

In many species, hierarchies do not exclusively rely on agonistic
conflict. Social rank can also be influenced and, in some cases, deter-
mined through non-fighting-based mechanisms, including residency,
alliance formation or, more rarely, seniority. In residency-based
hierarchies, individuals gain dominance by securing valuable spa-
tial resources, and intruders typically yield without escalation.
This pattern is well documented in birds such as pied flycatchers
(Ficedula hypoleuca), in which the existing residents of a territory
reliably dominate challengers*, and in teleost fish such as Astatotilapia
burtoni and Xiphophorus helleri, in which prior residency strongly
predicts dominance***, Residency-based systems remain flexible:
when a dominant male A. burtoni vacates a territory, subordinates
rapidly assume dominant colouration, behaviour and hormonal
profiles upon territory acquisition*. Notably, both residency-based
and fighting-based hierarchies can be context dependent. Although
mice typically form fighting-based social hierarchies in laboratory
settings, they establish and defend territories in more naturalistic
environments whensufficient space is available?****, Insuch contexts,
conflict outcomes strongly favour territorial residents®.

Alliance-based hierarchies arise whenrank reflects patterns of social
support rather than dyadic contest outcomes. These systems take both
kin-based and non-kin-based forms. Inkin-structured societies, such as
female macaques and baboons, dominanceisinherited matrilineally and
maintained through nepotistic coalitions and grooming networks*®, By
contrast, non-kin alliance-based hierarchies are exemplified by male bot-
tlenose dolphins, in whichrank and reproductive success depend onthe
strength, stability and network structure of cooperative coalitionsamong
largely unrelated males. Individuals embedded in stronger or more
interconnected alliances gain greater access to females and sire more
offspring, despite the absence of kinship ties***°. Notably, fighting-based
and alliance-based hierarchies often work together to determine social
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status. In male chimpanzees, for example, whereas physical contests
set initial rank, long-term dominance is stabilized by non-kin alliances:
coalition partners provide supportin conflicts and deter challengers®*.
Thus, coalitionmanagement cansupplementor evensubstitute for direct
physical competitionin structuring dominance.

Tenure-based hierarchies, in which social rankis determined largely
by length of residence within agroup, appear far lesscommon among
non-human animals and typically operate only under specific social
or ecological constraints®***, The clearest example comes from male
spotted hyenas, in which newly immigrated males enter at the bottom

ofthehierarchy andrise inrank strictly with length of residency, form-
ing a queue-like structure that minimizes escalated aggression®*. Col-
lectively, these mechanisms — territorial occupancy, alliance formation
and limited forms of seniority — demonstrate that hierarchies can be
shaped by factors other than physical conflict in animals.

Different routes to high social status in humans

According to the seminal framework of Henrich and Gil-White”, human
social status — the widely shared recognition of anindividual as compe-
tent, notable and worthy of influence —is attained through two primary

Box 1| Sex differences in the expression of social hierarchies across species

Social hierarchies differ widely across species, and pronounced

sex differences arise depending on how ecological constraints

and reproductive pressures act on males and females. In many
socially complex mammals, including macaques, baboons,
chimpanzees, wolves, meerkats and laboratory rodents, both males
and females form strong, independent dominance hierarchies
because competition for limiting resources is present in both

sexes. In primates, for example, males compete intensely for

mating opportunities and establish rank through aggression,
alliances and queuing (occupying a position in a social hierarchy

and advancing sequentially to gain future access to rank or mating
opportunities)??>*', whereas females form stable, nepotistic,
matrilineal hierarchies that regulate priority access to food, safe
social partners and grooming networks®®. These dual hierarchies
persist because rank confers substantial fitness benefits to both
sexes: high-ranking males gain increased reproductive success,
whereas high-ranking females produce more surviving offspring and
experience reduced physiological stress”®?"?%*, Similar patterns arise
in social carnivores such as wolves and meerkats, in which dominant
pairs monopolize breeding, but subordinate individuals of both sexes
occupy well-defined positions within a cooperative hierarchy?®4?¢°,
Even in rodents living in semi-natural arenas in laboratories, males
and females each develop stable social hierarchies, through different
mechanisms: males through aggression, chasing and territorial
control, and females through approach-withdraw asymmetries,
displacements and priority-of-access behaviours, despite minimal
overt aggression'>“',

Strongly male-biased and male-only hierarchies emerge when
sexual selection and competition are high in males, whereas females
experience weak resource or reproductive competition. Many lekking
birds exemplify this pattern: males of species such as sage grouse
and manakins engage in intense competition for display territories,
forming steep, highly structured hierarchies in which dominant males
obtain the majority of copulations?*®**’. Females, however, are largely
solitary, do not defend resources against one another, and exhibit no
stable dominance relationships. Similarly, in polygynous ungulates
such as red deer, bighorn sheep and bison, males form strong
seasonal hierarchies based on age, horn or antler size, and fighting
ability to compete for breeding access®***"°, whereas females show
weak or poorly defined dominance structures because they face
minimal direct competition for mates or food under typical ecological
conditions. An extreme example occurs in elephant seals, in which
males establish hyper-aggressive, size-based rank orders that
determine control of harems, whereas female-female dominance

relationships are diffuse and not predictive of reproductive success?”'.

Across these taxa, hierarchy is expressed primarily by males because
male fitness is limited by mating opportunities, whereas female
fitness is not improved by excluding other females.

A third pattern, found in fewer but well-studied taxa, is a strongly
female-biased or female-only hierarchy, in which females form strong
and stable dominance structures whereas males show weak or no
hierarchy. This occurs when female reproductive success is strongly
limited by access to key resources, such as breeding sites, helpers
or nutritional support, whereas male reproductive competition is
diffuse or based on alternative non-hierarchical strategies. Among
marmosets, for example, a single dominant female typically
monopolizes breeding and actively suppresses subordinate female
reproduction via both behavioural intimidation and pheromone and
endocrine mechanisms?*?®, Males in these groups do not form
linear hierarchies; instead, they participate cooperatively in infant
care with little competitive structure. A similar pattern appears in
naked mole-rats, in which the queen exerts strong behavioural and
physiological dominance over all other females, establishing a strict
reproductive hierarchy, whereas nonbreeding males show largely
egalitarian, low-conflict relationships®*?”°. Female dominance is also
characteristic of certain lemur species, such as ring-tailed lemurs,
wherein females hold priority access to food and space and form
stable linear hierarchies, whereas male rank is unstable, seasonal or
weakly defined”®. Even spotted hyenas show a form of female-centric
social structure: female hierarchies are rigid, linear and nepotistic,
whereas male rank largely reflects tenure rather than competitive
ability®*?”",

Together, these three patterns indicate that the presence, strength
and sex specificity of social hierarchies are not arbitrary species-level
traits but predictable outcomes of the distinct selective pressures
acting on males and females. Dual-sex hierarchies emerge when
both sexes face meaningful, fitness-limiting competition — whether
for mates, resources or social support. Male-only hierarchies arise
when sexual selection generates intense male-male competition,
whereas females gain little fitness benefit from excluding one
another. Conversely, female-only hierarchies evolve in systems in
which female reproductive success is tightly constrained by access
to critical resources, helpers or safe breeding sites, and males adopt
alternative strategies that do not require stable rank relationships.
Across taxa, these divergent patterns demonstrate that social
hierarchy is not a single universal structure but rather a flexible
organizational solution shaped by ecological context, mating system,
life-history strategy and cooperative demands.
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pathways: dominance and prestige. Dominance-based status relies on
coercionandresource control to elicit fear-based compliance, mirror-
ing fighting-based hierarchies inanimal societies. Although dominance
canleadanindividual torapidly ascend asocial hierarchy, it produces
fragile, high-stress social status that collapses once the capacity for
punishment wanes'®. By contrast, prestige-based status emerges from
perceived competence, typically derived from education, expertise or
recognized achievement, and elicits voluntary deference grounded
inrespect”. Prestige parallels the tenure-based or residency-based
systems seen in animals, in which prolonged experience leads to the
accumulation of knowledge about the social and physical environment,
renderingknowledge holders an advantage in conflict and making them
valuable resources for the group.

However, in complex modern societies, prestige does not auto-
matically translate into high social status. As Bourdieu® and Lin* have
noted, prestige must be embedded within networks of relationships
(alliances) or social capital. Here, alliances refer to structured, recipro-
cal social relationships that provide coalitionary support and help to
stabilize and amplify the social standing of anindividual. This necessity
reflects the fundamentally collective nature of human status: rank is not
merely claimed;itis conferred. These alliance networks act as a social
infrastructure thatamplifies and stabilizes reputational signals, mirror-
ing the alliance-based hierarchies seeninanimals, in which coalitional
supportsustains rank far beyond the isolated abilities of anindividual.
Theintegration of prestige and alliance facilitates the transition from
informal respect to formal institutional authority. Modern organi-
zations allocate high-status roles (such as executives or directors)
through collective processes that treat prestige as a signal of compe-
tence and alliances as a signal of legitimacy. Once institutionalized,
status becomes self-reinforcing; formal authority expands visibility and
networks, making one’s standing stable and portable —a phenomenon
of cumulative advantage”. Thus, durable high status is the product of a
prestige-alliance-institution cycle, in whichaccumulated competence
is certified by collective endorsement and stabilized by structure.

Social capital, thus, serves as a crucial bridge between prestige and
status®. Building this bridge requires social intelligence: the capacity
toaccurately perceive social cues, interpret and predict theintentions
and emotions of other individuals, and flexibly adjust behaviours
accordingly®®. By integrating social perception with self-regulation,
socially intelligent individuals are better positioned to formtrust and
sustain cooperative relationship more effectively”. Given thisindispen-
sablerole, our discussion regarding alliance-based hierarchies centres
on the neural substrates that mediate social intelligence.

Residency-based social hierarchy

In many avian and teleost species, social dominance is dictated by
territorial ownership rather thanintrinsic physical strength. This phe-
nomenon is well documented in birds such as song sparrows, European
robins and great tits, in which residents consistently defeat intruders
regardless of size, and social rank shifts instantaneously if residency
is experimentally manipulated®® . A comparable residency-based
hierarchy exists in teleost fishes, including African cichlids, angel-
fish, gobies and swordtails, wherein the acquisition of a territory is
the primary prerequisite for dominant status***** Inthese species,
subordinates typically adopt avoidant strategies to minimize direct
conflict. Consequently, although dominance is maintained through
agonistic interactions such as chasing and threat displays, escalation
to high-risk physical fighting is uncommon; instead, control of the
territory serves as the primary determinant of social rank.

The residency-based social hierarchy in teleosts is supported by
hormone-mediated plasticity within the subcortical social behaviour
network (SBN)**%¢’_ The best-characterized example of this plasticity
comes from the African cichlid A. burtoni (Fig. 1). These group-living
fish form a male-specific hierarchy in which only around 10-30% of
males are dominant territory holders, whereas the remainder become
reproductively suppressed subordinates*‘. Dominant males occupy
and defend territories, display bright colouration, and actively court
and spawn with females; subordinates lack territories, exhibit dull
colouration, and are not reproductively active**. Remarkably, when a
dominant maleis removed, owing to predation or by an experimenter,
asubordinate male canrapidly switch to dominant colouration, occupy
the vacated site, and begin defending it within minutes®®. Sometimes,
the vacantsite willinduce behavioural changesin multiple animalsand
aggressive competition among them***. The rapid physical and behav-
iouraltransitions are initiated within the central nervous systemand are
reinforced by swift activation of the hypothalamic-pituitary-gonadal
axis’. Within 30 min of ascendion in rank, circulating sex steroid levels
increase, and sex steroid receptors are upregulated in hypothalamic
regions essential for aggression and reproduction”. Concomitantly,
immediate early genes are strongly induced across nodes of the social
behaviour network” in these ascending males, reflecting rapid neu-
ral plasticity that supports changes in social cue processing and the
emergence of dominant behavioural phenotypes®®”.

Conversely, when a dominant male is displaced by an intruder —
typically a neighbouring dominant male or a size-matched challenger
introduced experimentally —its bright colouration rapidly fades, itadopts
subordinate behaviour withinapproximately 30 min, and plasma cortisol
levels increase within 24 h”>. Immediate early gene expression is also
upregulated during the descending transition, but with spatial patterns
distinct fromthose of ascending males. Whereas ascending males exhibit
coordinated cfosand egr-Iinduction across multiple social behaviour net-
worknuclei, descending males show more selective activationinregions
suchasthe preopticarea (POA) and anterior tuberal nucleus, indicating
that distinct transcriptional programmes underlie dominance acquisi-
tion and social suppression™. In stable social groups, dominant males
maintain high testosterone levels to support reproduction, whereas
testosterone insubordinate males remains chronically suppressed, with
elevated cortisol and reduced reproductive capacity®.

In residency-based hierarchies, steroid hormones coordinate
socialinteractions by modulating the neural circuits underlying aggres-
sion, reproduction and social assessment, and by facilitating status rec-
ognition through hormonally driven changesin physical appearance”.
Importantly,inA. burtoni,hormonelevels and social status are not fixed
or predetermined, unlike in eusocial insects such as honey bees and
ants’. Instead, both endocrine state and social rank remain flexible
and canshiftrapidly inresponse to ecological conditions, particularly
the availability and control of a territory. How the brain detects these
environmental changes and initiates the behavioural and endocrine
adjustments that precipitate transitions in social status remains poorly
understood. This semi-flexible, residency-based, fighting-assisted,
hormone-guided hierarchical organization helps to limit escalated
intra-group conflict, structures access to resources and reproductive
opportunities, and may support reproductive stability by maintaining
apool of replacement males**”’.

Fighting-based social hierarchy
Inmost mammalian species, social hierarchies are established through
agonistic dyadicinteractions wherein the outcomes of fights determine
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Fig.1|Rapid physical and neural changes during shifts in social statusin
African cichlid fish. a, When Astatotilapia burtoniindividuals acquire or lose
territory, they rapidly ascend or descend the social hierarchy. These shifts
insocial rank are associated with striking alterations in external appearance
(coloration and morphology) and behaviour, as well as broad physiological
hormone changes, reflecting the dynamic reorganization of status-related
phenotypes®**’!, b, Differentialimmediate early gene expression patternsin the
brains of ascending and descending male A. burtoni. Ascending males exhibit
uniformly elevated mRNA levels of both cfos (blue) and egr-I (pink) across all
nuclei of the social behaviour network compared with stable-status controls®””.,

By contrast, descending males show increased expression of either egr-I or cfos
withinindividual nuclei, with the pituitary being the only region displaying
elevated levels of both immediate early genes™. 11-KT, 11-ketotestosterone;
ATn, anterior tuberal nucleus; Ce, corpus cerebellum; DI, lateral zone of the
dorsal telencephalon; Dm, medial zone of the dorsal telencephalon; FSH,
follicle-stimulating hormone; LH, luteinizing hormone; Pit, pituitary; POA,
preoptic area; T, testosterone; Vs, supracommissural nucleus of the ventral
telencephalon; VTn, ventral tuberal nucleus; Vv, ventral nucleus of the ventral
telencephalon. Part b adapted with permission from ref. 74, Company of
Biologists.

dominance. Individuals with greater fighting capacity and motivation
(that s, persistence in fighting) have higher tendency to win fights
and attain dominant status"*. The concept of a fighting-based
‘pecking order’ was first introduced by the Norwegian naturalist
Schjelderup-Ebbe in 1922. Observing domestic fowl, he noted that
aggression within a flock is largely unidirectional: the alpha individ-
ual pecks all other individuals, the beta individual pecks all but the
alphaindividual, and the lowest-ranking bird is pecked by every other
member of the group®. Since then, fighting-based social hierarchy has
been described in awide range of species, including many laboratory
rodents and non-human primates™'*75,

This form of social hierarchy formation canbe conceptualized as
afighting-outcome-based social learning process. With each agonistic
encounter, individuals update their assessment of their own fighting

ability and adjust their willingness to engage in future conflicts. Win-
nersexhibitageneralized increasein aggressive readiness that extends
beyond the previous opponent to other conspecifics, aphenomenon
known as the winner effect, whereas losers show a sustained suppres-
sion of motivation to escalate aggressive encounters’*’. Importantly,
losers also learn to associate the cues of an opponent (conditioned
stimulus) with the aversive experience of defeat (unconditioned stimu-
lus), resulting in opponent-specific avoidance and reduced aggression
during subsequent encounters>*"*, Through repeated interactions
with different group members, animalsincrementally identify individu-
als with greater fighting ability and modify their behaviour accord-
ingly, such as displaying submissive postures or retreating. These
cumulative winner-loser effects and opponent-specific associative
memories gradually give rise to stable, behaviourally recognizable
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dominance-subordinate relationships within the group®. In some
visually oriented species, learned dominance relationships are further
stabilized by dynamic changes in external appearance that signal
current status. For example, red junglefowl®** and mandrills® alter
ornamentation in ways that advertise dominance or submission,
thereby facilitating rapid social assessment and reducing the likelihood
of further escalation.

Role of social behaviour network

Recent studies in male mice have revealed the hypothalamic cir-
cuits that are crucial for fighting-outcome-based social learning in
mice (Fig. 2). At the core of these circuits is the ventrolateral part of
the ventromedial hypothalamus (VMHvI), which can be divided into
anterior and posterior subdivisions. The posterior VMHvI (pVMHVI)
is central for driving aggressive behaviours®. Cells within this region
are activated during inter-male aggression®. Furthermore, experi-
mental activation of these cells, especially those expressing oestrogen

Anterior
OXTR-expressing
neuron

Loser effects
|

receptor (ESR1; pVMHVIER cells), promotes aggression, whereas inhibit-
ing pVMHVI cells suppresses inter-male aggression®* ¢, pVMHvI cells
undergo several forms of plasticity during repeated winning, resulting
inincreased pVMHvl responses to male conspecific cues. Specifically,
when ananimal wins once against a particular opponent, co-activation of
the pVMHvI and posterior amygdala — a region that encodes sen-
sory information about the opponent and provides excitatory input
to the pVMHvVI — induces Hebbian synaptic potentiation, leading to
increased aggression selectively towards that defeated individual®>***°,
With repeated wins, pVMHVI®F! cells further increase their intrinsic
excitability, resultingina heightened readiness to attack any opponent
andanincreased probability of winning subsequent encounters®® (Fig. 2).

In contrast to winning, social defeat suppresses aggression
towards the victorious opponent. This process is supported by
increased inhibition of pVMHvI®® cells by ESR1-expressing neurons
in the caudal medial preopticarea (c(MPOA®®)! (Fig. 2). Under baseline
conditions, cMPOA®R! cells are only weakly activated by male cues, but
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Fig.2 |Hypothalamic circuits involvedin fighting-based social hierarchy
formation. Many mammals establish social rank through repeated agonistic
interactions, with winner and loser effects encoded by distinct circuits centred
inthe ventrolateral part of the ventromedial hypothalamus (VMHvI). The

neural mechanisms underlying behavioural adjustment after winning and
losing in male mice are illustrated here. In naive, non-aggressive mice, the low
activity of aVMHvl and pVMHvl neurons is insufficient to drive social avoidance
or aggression. Repeated victories potentiate excitatory posterior amygdala
(PA) inputs onto neurons in the posterior VMHv1 (pVMHVI) that express the
oestrogen receptor ESRI, increasing the excitability of these neurons and
promoting winner-induced aggression and higher resource holding potential®’.
By contrast, social defeat engages anterior VMHvl (aVMHvI) neurons expressing

Rank ascending

the oxytocin receptor OXTR: during defeat, pain activates neurons in the
retrochiasmatic supraoptic nucleus (SOR), promoting oxytocin release, which
strengthens aggressor-responsive synapses onto aVMHvI*™® cells, driving
avoidance of dominant conspecifics®. aVMHvl activation during defeat also
promotes active social defence”. After defeat, caudal medial preoptic area
(cMPOA) neurons expressing ESR1 are also recruited, which suppresses the
activity of ESR1-expressing pVMHvI cells and, thereby, reduces aggression
towards higher-ranking opponents®.. Together, these synaptic and cellular
adaptations bias animals towards aggression or avoidance in response to
specific social cues, helping to establish stable social hierarchies. Traces next to
the blue and red arrows indicate outputs of the indicated pathways. Traces next
to the red ovalsindicate cell excitability.
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their responses to the winning opponent increase significantly and
specifically after defeat. Because cMPOA®® neurons strongly inhibit
pPVMHvVI®® cells, this defeat-induced increase in cMPOA®® responses to
aggressors suppresses pVMHvI®® output and prevents further aggres-
sion towards superior opponents. Consistent with this circuit logic,
inhibiting cMPOA®® neurons results in increased aggression towards
stronger opponents, triggering more attacks fromthe opponents and
consequently more defeats’".

Social defeat not only suppresses aggression but also induces
social fear learning, enabling the loser to recognize and avoid the spe-
cific superior opponentin future encounters. Indeed, a single 10-min
defeat is sufficient to cause a marked reduction in investigation of,
and proximity to, the aggressor on the following day®. This form of
opponent-specific fear learning is mediated in part by oxytocinrecep-
tor (OXTR)-expressing neurons in the anterior VMHvI (aVMHVI®™),
whichare hardwired to drive avoidance behaviours, asevidenced by the
immediate avoidance of abenign conspecific that s elicited by optoge-
netic activation of aVMHvI®*™® cells in undefeated animals**°%, Before
defeat, aVMHVI°*™ neurons respond only weakly to male opponents.
During defeat, noxious stimuli such as bites trigger oxytocin release
fromneuronsintheretrochiasmatic supraoptic nucleus, located near
the aVMHUvI. The released oxytocin depolarizes aVMHvI®*™® neurons
and facilitates potentiation of the synapses carrying sensory informa-
tionfromthe aggressor. Asaresult, cues associated with the aggressor,
but not other male conspecifics, gain enhanced efficacy in activating
aVMHVI®™ neurons, producing opponent-specific avoidance®.

Notably, VMHvl neurons are unresponsive to non-social aversive
or appetitive stimuli, such as predator odours or food scents®. Instead,
these neurons are anatomically hardwired to receive social sensory
information and engage motor programmes via downstream projec-
tions to premotor neurons in the midbrain®**, Thus, the outcome of
each agonistic interaction fine-tunes how the cues of an opponent
arerouted toavoidance-driving versus aggression-driving cellsin the
VMHVvI, enabling differential behavioural responses towards different
group members.

Similar plasticity tends to occur in other regions in the social
behaviour network after winning and losing. For example, ventral
premammillary nucleus cells show higher excitability in repeatedly win-
ning male mice than in mice with no winning experience®. Cellsin the
posterodorsal part of the medial amygdala, conversely, showincreased
firingratesin repeatedly defeated rats that show social avoidance®. The
lateral septum, aregion that modulates aggression throughiits projec-
tion to the VMHvI, refinesits local network after repeated winning®® %,
Changesinindividual nodes and their connections within this network
collectively alter the input-output relationship of the aggression and
social defence circuits, enabling the animal to adjust its tendency to
confront or avoid an opponent

Sex hormonesalso have aroleinsome fighting-based hierarchies,
in a manner that probably differs across species and contexts. In out-
bred CD1mice, higher testosterone levels have beenreported in domi-
nant males compared with subordinatesin highly despotic hierarchies,
but testosterone levels are not correlated with social rank in more
linearly organized social groups®. Consistent with this unsuppressed
hormonal profile, subordinate males remain reproductively active
despite their lower reproductive success'. It has been shown that
an increase in testosterone is not a prerequisite for the circuit plas-
ticity that leads to increased aggression in male mice®°. However, in
castrated mice with minimal testosterone levels, such plasticity is
rarely induced, suggesting that testosterone has a permissive role

in enabling aggression-related circuit modifications®. By contrast,
in male Peromyscus californicus, commonly known as California
mice, testosterone rises transiently after winning, and this increase
is functionally important for the expression of the winner effect'*'°,
Together, these findings indicate that sex hormones interact with
experience-dependent neural plasticity in species-specific ways,
shaping how social hierarchies are learned and maintained.

Role of mesolimbic circuit

The canonical mesolimbic reinforcement learning circuit — centred
on dopamine neurons in the ventral tegmental area (VTA) and their
projections to the nucleus accumbens (NAc), basolateral amygdala
(BLA) and medial prefrontal cortex (mPFC) — reinforces behaviours
by using dopamine-dependent prediction-error signals to strengthen
actions and cues that lead to rewarding outcomes'®’. In mice that are
winning, dopamine release in the NAc increases'**, seemingly sug-
gesting that a reinforcement learning mechanism contributes to
the winner effect. However, depleting dopamine in the NAc does not
block the rise in aggression after winning®, indicating that the classic
reward circuit does not directly ‘reinforce’ aggression itself. Likewise,
no direct evidence supports arole for the BLA or mPFC in mediating
the post-winning rise in aggression. Instead, elevated NAc dopamine
during winning probably serves to associate preceding cues or instru-
mental actions with the rewarding outcome of victory. Supporting this
interpretation, mice readily learn to lever-press or nose-poke to gain
access toaweaker conspecific that guarantees an easy win and develop
preferences for contexts associated with winning'®>'°°, Inhibition of
dopamine transmission or dopamine receptor D1(D1R)-expressing cells
inthe NAcreduces lever pressing for access to the weak intruder'®'s,

In contrast to winning, strong evidence indicates that the broader
mesolimbiclearning network —including the VTA, NAc, tail of the stria-
tum (TS), BLA, mPFC, lateral habenula (LHb), anterior bed nucleus of
the stria terminalis (aBNST), and ventral hippocampus (vHip) — has a
central role in defeat-induced social and contextual avoidance learn-
ing (Fig. 3). During defeat, dopamine release changes throughout the
mesolimbic network. In the NAc, dopamine decreases when animals
are attacked'**. In mPFC, BLA and TS, dopamine either reportedly
increases or is expected to increase (based on patterns observed dur-
ing non-social fear conditioning)'°*"", Regardless of the direction
of change, the changes in dopamine signalling from the VTA act as a
‘teaching’ signal to promote plasticity within these regions during
social defeat, thereby reshaping neuronal responses to aggressor cues
and experience-associated contextual cues™.

The changes in VTA dopamine neuron activity observed during
defeat are at least in part due to changes in glutamatergic inputs
fromthe LHb onto GABAergic neuronsin the rostromedial tegmental
nucleus (RMTg), whichin turnexertstronginhibitory control over VTA
dopamine neurons™*™, LHb neurons show marked increases in activity
duringacute defeat, and inhibiting LHb activity during defeat disrupts
the subsequent development of social avoidance™®. Beyond signalling
the aversiveness of defeat, the LHb also encodes the negative valence
oftheaggressor after defeat. In defeated animals, LHb neurons exhibit
robust responses upon encountering the aggressor, whereas naive
animals show no such response'®. These enhanced responses tend to
reflect molecular, synaptic and physiological plasticity within the LHb.
Although this hasnot been directly tested for social defeat, non-social
chronic stress, such as repeated restraint stress and unpredictable
daily mild stress, including overcrowding, cage shaking, bright light
illumination and mild food deprivation, induces hyperexcitability of
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Fig.3|Mesolimbic circuit engagement during social winning and defeat.

In mice, social winning, defined as successful overpowering of anintruder by
theresidentanimalin aresident-intruder test, isaccompanied by increased
dopamine release by ventral tegmental area (VTA) neurons projecting to

the nucleus accumbens (NAc)'*“. This dopamine signal reinforces actions

and contexts associated with winning but does not directly drive aggressive
behaviour itself'””. By contrast, social defeat potentially recruits a broader
mesolimbic and aversive-learning network thatincludes the VTA'**2% [ateral
habenula (LHb)"¢, basolateral amygdala (BLA)'**'#'2*128 medial prefrontal cortex

\\\ -

RMTg

VTA

(mPFC)"™!, hippocampus (HPC)'*°, anterior bed nucleus of the stria terminalis
(aBNST)"*"*, nucleus accumbens (NAc)'**"">'** and tail of the striatum (TS)"*.
During defeat, LHb-modulated VTA dopamine signals act as teaching signals that
promote plasticity across these circuits, biasing behaviour away from approach
and towards social avoidance and freezing following aversive experiences such as
shock or social defeat"*"*"", BA, basal amygdala (comprising BLA and basomedial
amygdala (BMA)); RMTg, rostromedial tegmental nucleus; DIR, dopamine D1
receptor-expressing neuron; D2R, dopamine D2 receptor-expressing neuron;
MSN, medial spiny neuron.

LHb neurons, increasing their responsiveness to aversive stimuli'*"s,

After chronic defeat, VTA dopamine neurons show increased baseline
excitability, spontaneous firing and burst activity"’, and this height-
ened activity correlates positively with social avoidance. Thus, a
combination of enhanced LHb responses to aggressors and elevated
VTA baseline activity probably leads to changes in dopamine release
during post-defeat aggressor encounters.

VTA dopamine neurons project densely tothe BLA and have a criti-
calroleingating BLA synaptic plasticity'”. The BLAis well positioned to
store negative representations of the aggressor — such as its odour or
appearance — given its access to diverse sensory inputs and its estab-
lished roleinassociating aconditioned stimulus with anaversive uncon-
ditioned stimulus'?. Blocking BLA activity or plasticity during defeat
impairs social avoidance learning in hamsters and mice'”'*¢, whereas
enhancing cAMP response element-binding protein (CREB) signallingin
the BLAincreases avoidance following defeat'””. Moreover, inhibiting the
BLAimmediately before post-defeat social interaction testing reduces
avoidance'®, consistent with the idea that the BLA stores the negative
valence of aggressor cues. Although direct recordings from the BLA
arestill lacking, defeat is expected to enhance BLA responses to domi-
nant animals, analogous to the increased responses to shock-paired
conditioned stimulus observed in classical fear conditioning'****°.

Subordinate animals also learn to avoid territories occupied
by dominant individuals, indicating robust contextual learning in
addition to cue-based learning®. In mice, the vHip is a key site for

encoding aversive contextual memories, as its inhibition reliably
disrupts contextual fear learning"""**. During contextual fear condi-
tioning, subsets of vHip neurons activated by shock undergo circuit
reorganization thatenhances synchrony uponre-exposure to the con-
ditioned context™. vHip conveys contextual information directly to the
basal amygdala, comprising both the BLA and basomedial amygdala.
After aversive learning, synapses from context-activated vHip neurons
onto basal amygdala neurons are strengthened™. Thus, when animals
re-enter defeat-associated contexts, such astheterritory of adominant
conspecific, BLA activity tends to be enhanced by strengthened and
synchronized vHip inputs.

After defeat, aggressor-evoked responsesinthe BLAand VTA are
expected torecruit downstream regions that mediate persistent social
vigilance, reduced approach and enhanced avoidance. Three such
regions —the aBNST, NAc and TS — are particularly well positioned to
shape post-defeat behaviour. In humans, aBNST is known for its role
in anxiety”*. Consistent with this role, in hamsters, pharmacological
inhibition of the aBNST at the time of testing using muscimol or
corticotropin-releasing factor receptor antagonists reduces avoid-
ance of a conspecific after defeat'*"*°, whereas inhibiting the aBNST
during defeat does not prevent the emergence of social avoidance
24 hlater™®. Similar anxiogenic effects have been observed following
OXTR activation in the aBNST of female California mice™”"**, whereas
genetic deletion of OXTR in the aBNST increases social approach™.
The aBNST receives strong, topographically organized input from
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the BLA, and selective activation of anterior BLA-aBNST projections
promotes anxiety in male mice'*’. Together, these findings suggest that
enhanced BLA responses after defeat recruit the aBBNST to maintain
a prolonged anxiety-like state that biases social encounters towards
vigilance and withdrawal, even though defeat memory itself may not
be stored within the aBNST.

The NAc receives dense input from the BLA and has a critical
role in regulating approach behaviour'. Its principal neurons, the
medium spiny neurons (MSNs), can be divided into DIR-expressing
and D2R-expressing populations with opposing behavioural effects:
D1R MSNs promote approach and reinforcement, whereas D2R MSNs
suppress approach? During defeat, reduced dopamine signalling
in the NAc facilitates synaptic plasticity that weakens glutamatergic
inputs onto DIR MSNs while strengthening inputs onto D2R MSNs'*,
thereby biasing behaviour away from approach. Consistent with this
model, optogenetic enhancement of NAc dopamine signalling during
defeat attenuates subsequent social avoidance'**'2,

In contrast to the NAc, the TS promotes threat avoidance™*'*,
Dopamine signalling in the TS increases in response to threatening
stimuli and promotes avoidance behaviour. Asinthe NAc, the TS con-
tains DIR and D2R neurons, but their functional roles are reversed:
DIR neurons promote avoidance, whereas D2R neurons suppress it'.
Notably, VTA dopaminereleasein the TSincreases dramatically when
defeated animals approach anaggressor, and this response grows with
repeated defeat episodes™?, supporting a role for the TS in reinforc-
ing avoidance of social threats. Thus, defeat learning in mice appears
to suppress approach by biasing D2R over DIR signalling in the NAc,
while simultaneously promoting avoidance by biasing DIR over D2R
signallingintheTS.

Finally, the mPFC receives strong inputs from both the BLA and
VTA and has been implicated in social dominance in several recent
studies, particularly those using competition-based tests***'*". How-
ever, such paradigms often do not align with fighting-based social
hierarchies (Box 2). Nonetheless, substantial evidence supports
an important role for the mPFC in active avoidance learning across
social and non-social contexts** ™', Lesions or inhibition of the mPFC
impairs the ability to switch from freezing to active escapein response
to threat-predictive cues'*®and disrupts learning to avoid shock-paired
conspecifics insocial fear paradigms™'. More broadly, mPFC dysfunc-
tion leads to deficits in behavioural flexibility during rule switching or
changesinaction-outcome contingencies™. In complex social groups,
subordinate animals must continuously select actions that minimize
conflict while securing access to resources based on social context,
experience and internal state. The mPFC is, therefore, well suited to
guide adaptive action selection — promoting appropriate avoidance
while suppressing maladaptive responses — through its extensive
projections to the striatum and amygdala™’.

Comparing male and female circuits

In house mice, fighting-based social hierarchies are less despotic
and less linear in females than in males*.. Several behavioural and
circuit-level differences probably contribute to this sex divergencein
social structure. First, aggressionin virgin female miceis low and, cru-
cially, does notincrease following winning, which limits the escalation
and intensity of fights among females'®. Inrodents, although lactating
females display elevated aggression (known as maternal aggression),
thisincrease s tightly coupled to the postpartum state rather than to
winning experience*. Thus, in contrast to male aggression, female
aggression is not strongly shaped by fight outcomes.

Thesebehavioural differences are paralleled by sex differencesin
hypothalamic aggression circuits. A recent paper has reported that,
in female mice, aggression-driving neurons in the pVMHvI are fewer
in number, exhibit lower intrinsic excitability, and receive weaker
excitatory synaptic input than those of males'. As a result, the cir-
cuitis less readily recruited and exhibits less plasticity in response to
fighting experience. Inaddition, winning-induced dopamine release,
a signal that supports associative learning, has been shown to be
significantly smaller in females than in males'*, further constraining
experience-dependent reinforcement. Consistent with this reduced
dopaminergic engagement, females do not develop a preference for
locations associated with winning'®. Importantly, these sex differences
in aggression circuitry may not be universal across species. In taxa
with female-dominant hierarchies (Box 1), female aggression circuits
are probably more active than those of males. Despite these sex differ-
encesinwinning-related plasticity, both male and female mice readily
learn to avoid aggressors after defeat®. This avoidance learning is
supported by conserved hypothalamic social learning circuits. Specifi-
cally, aVMHvI®*™ neurons in both sexes show increased responses to
winners following defeat and causally drive social avoidance®. Whether
quantitative sex differences exist in the strength, dynamics or plasticity
of this circuit remains animportant open question.

Several sex differences inmesolimbic circuit responses to stressful
experience in mice have beenidentified. For example, increased firing
of LHb neurons projecting to the VTA has been observed in females, but
not males, following mild chronic stress™°. Another study has found
that subchronic stress selectively reduces spontaneous firing of VTA
dopamine neurons in females, with no comparable effectin males'™. In
the NAc, females show higher expression of Dnmt3a, the gene encoding
aDNA methyltransferase thatisimportant for stress-induced epigenetic
remodelling, than males after subchronic stress"®. These circuit and
molecular differences areaccompanied by sex-specificbehavioural and
endocrine outcomes: females, butnot males, show increased anxiety-like
behaviour in the novelty-suppressed feeding task™® and elevated circu-
lating corticosterone levels following chronic mild stress™®. Consistent
with these findings, in California mice, a species in which both sexes
display high levels of aggression, repeated social defeat induces social
withdrawal™ and suppresses aggression' in females but not males.
These sex differences in behaviour are accompanied by differences in
the molecular changes that occur inthe VTA'®, paraventricular nucleus
of the hypothalamus'®® and BNST™. Together, these findings indicate
that mesolimbic circuitsinfemales are more sensitive to stressful expe-
rience than those in males. Such heightened stress sensitivity could, in
turn, promote faster behavioural adjustment after losing and reduce
the likelihood of prolonged agonistic interactions among females by
promoting withdrawal and conflict avoidance.

Summary

Social hierarchy formation reflects an iterative process of fight-
outcome-dependentbehavioural adjustment.In mice, winning-induced
increasesinaggression and losing-induced suppression of aggression
are mediated primarily by plasticity within hypothalamic aggression
circuits, with a minimal contribution from the canonical mesolimbic
reinforcement learning system. By contrast, losing-induced social
and contextual avoidance depends onboth specialized hypothalamic
social learning circuits and the general-purpose mesolimbic learn-
ing network. This asymmetric engagement of mesolimbic circuitry
may reflect distinct computational demands: defeated animals must
form precise memories of dominantindividuals and their territories to
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Box 2 | Studying hierarchies through competition tests

A commonly held view of social hierarchy posits the existence of

a single underlying social order that regulates access to resources
within a group?®. According to this perspective, even in groups
wherein overt aggression is rare, a ‘hidden’ hierarchy can be inferred
from the order in which individuals access valued resources.
Following this logic, laboratory tests based on resource competition
have been used since the 1930s to infer dominance relationships®.
In these paradigms, animals compete for access to a desirable
resource, such as food, water or a safe area to avoid aversive stimuli,
under conditions in which only one individual can obtain the resource
at a time. Animals that consistently secure greater access are
deemed dominant by the experimenter.

In addition to these resource-competition tests, a non-resource-
competition test, the tube test, has gained particular popularity
over the past 15years”**°, In this task, two animals, typically mice,
are released from opposite ends of a narrow, transparent tube and
encounter one another in a ‘passing’ dilemma. Because the tube is
too narrow for both animals to pass simultaneously, one individual
must yield by retreating. The animal that forces its opponent to back
out is designated the winner®®°. The tube test has been considered to
measure competition over priority or ‘right of way’ rather than over a
materialized resource. Multiple studies have shown that a stable rank
order can be extracted within small groups of mice across repeated
testing sessions'“®**', Manipulations of mPFC activity, synaptic
transmission or thalamic inputs can alter tube-test rank order, leading
to the influential idea that the mPFC has a central role in regulating
social hierarchy'%?®',

However, accumulating evidence indicates that hierarchies
derived from competition tests are often uncorrelated with
fighting-based social hierarchies, and that rankings can vary
substantially across different competitive assays”’4?*??%*, For
example, a negative correlation has been reported between tube-test
dominance and fighting-determined dominance in aggressive CD1
mice’®, consistent with earlier work showing that less aggressive
animals often outperform more aggressive individuals in the tube
test?®. Mechanistically, this dissociation is not surprising. Pushing
is the primary strategy used to win the tube test®®'. By contrast,
during real fights, losers frequently use pushing defensively to fend
off attacks, whereas winners typically rely on offensive behaviours,
such as lunge and bite, and rarely push forward®*®*’, As a result,

prevent future conflict, whereas winners do not necessarily need to dis-
criminate among subordinates. Species-specific and sex-specific prop-
erties of aggression and learning circuits probably shape key features
of social hierarchy, including its despotism and long-term stability.

Alliance-based social hierarchy

In many cognitively complex species, alliance-based social hierarchy
emerges asasupplementary or alternative pathway to highsocial status.
Ratherthansolely relying onindividual competitive strength, individu-
alsinthese societies ascend the hierarchy by forming stable, strategi-
cally valuable partnerships that enhance their position in group-level
conflicts. This coalitionary mechanismallows even physically modest
individuals to attain elevated status through social support, as docu-
mented in male chimpanzees®™'**'*, bottlenose dolphins'**'*, spotted

subordinate animals may actually be more proficient at the motor and
postural strategies required to ‘win’ the tube test.

It has also been reported that there is no correlation between
fighting-based social dominance and dominance in a food
competition test in either C57 or CD1 mice®?. Although this may
initially seem counterintuitive, resource competition tests and
fighting rely on fundamentally different abilities. In food competition
tasks, individuals with faster reaction times, higher locomotor
speed, superior spatial navigation or stronger motivation for food
have higher tendency to succeed. Although physically dominant
animals could, in principle, use aggression to displace competitors,
direct interference competition is costly and, therefore, tends to
be deployed selectively, most often when resources are highly
valuable or defendable, such as salient territories*®. Laboratory
competition paradigms usually involve modest rewards delivered
repeatedly in arenas that are difficult to monopolize. Under these
conditions, working faster or more efficiently is more cost-effective
than exerting dominance through force?°*°, Thus, success in
a resource competition test primarily reflects the ability of an
animal to optimize performance under the specific constraints of
that task. This ability is often unrelated to fighting capacity, which
remains the primary determinant of social rank in freely interacting
animal groups. Accordingly, it is unsurprising that rankings derived
from competition tests frequently fail to predict naturally formed,
fighting-based social dominance.

It is worth noting that although non-fighting-based ‘winning’ may
arise mainly in human-designed laboratory paradigms for animals,
humans themselves routinely engage in analogous activities —
from sports to video games. Winning in such contexts reflects
dominance within a narrowly defined rule set and skill domain,
rather than general social dominance. Different individuals may
dominate different competitions depending on their particular
strengths, and no single, universal ranking spans all competitive
domains. We, therefore, suggest that animal competition tests
are best conceptualized as analogues of domain-specific human
competitions, rather than as assays of general social hierarchy. Neural
mechanisms that support superior performance in these animal tasks
may nonetheless provide valuable insight into the circuits underlying
human competitive behaviours that rely on similar cognitive,
motivational or motor skills.

hyenas'*® and ravens'”’. Across these species, rank shifts often follow
changes in coalition structure rather than changes in physical condi-
tion, underscoring that social power is constructed through coopera-
tive relationships rather than fighting ability'*>'**'®*, Notably, humans
rely on alliance-based pathways to an exceptional degree, as social
capital is often indispensable for converting individual expertise and
accomplishment into institutional authority and widely recognized
social status'>°°,

Success in alliance-based hierarchies depends on a suite of
advanced social abilities — collectively termed social intelligence —
that enable individuals to navigate complex relational landscapes'”.
Central to this is the capacity to accurately perceive social cues and
use that information to guide decision-making'®*"”", This process is
facilitated by social observational learning, which allows individuals
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to understand the traits, social structures and action-outcome rela-
tionships of other individuals from third-party interactions without
direct involvement'®*"*'”>_ In humans, this intelligence extends to
theory of mind (ToM) — the capacity to infer the emotions, intentions
and motivations of other individuals"*. ToM enables individuals to
notonlyinterpret butalso anticipate the responses of allies and rivals
during cooperation and competition.

Social intelligence across species

From an evolutionary perspective, social intelligence is viewed as an
adaptationto the challenges of group living and is shaped by the same
selection pressures that act on physical traits"”°, The ‘Machiavellian
intelligence’ and ‘social brain” hypotheses propose that the cognitive
demands of navigating complex group living — including strategic
competition and alliance management, maintaining long-term social
bonds, and tracking relationship information — favoured the evolution
of expanded sociocognitive abilities, particularly in primates”*”’. In
species that live in stable, socially intricate groups, individuals with
higher social intelligence are more successful in forming cooperative
alliances, avoiding costly conflicts, securing resources and ultimately
increasing their reproductive success”®'”°, Thus, the evolution of social
intelligence reflects deep selective advantages conferred by skilful
navigation in competitive and cooperative social environments.

Socialintelligence can be conceptually divided into two levels. At
the first level, individuals are aware of the identities, behaviour and
emotional states of otherindividuals based on sensory cues and use this
information to guide decision-making and learning. Many species that
live in groups or alongside humans, including lemurs'®’, monkeys'',
baboons'®, elephants'™?, dolphins'’, spotted hyenas'®*, dogs'®,
ravens’’, rats'” and mice'®*'®’, exhibit such social awareness and dem-
onstrate social learning abilities. A recent preprint has reported on
workin mice thatillustrates this level of social intelligence in controlled
experimental settings. Inaforaging task designed to probe competitive
decision-making, mice that perform the task alone reliably choose the
higher-value reward option; however, inthe presence of acompetitor,
especially one with high running speed, mice frequently choose a
lower-value option that is spatially closer, reflecting strategic adjust-
ment based on the position and capabilities of the competitor™:. In
another study reportedinarecent preprint, pairs of mice were trained
to obtain water rewards by simultaneously poking two portswithinthe
same reward zone. Over weeks of training, aleader-follower relation-
ship emerged, with the follower often waiting for the leader before
committing toachoice'. Notably, such aleader—follower relationship
does not always reflect the dominance-subordinate relationship. In
cooperative lever-pulling tasks inmarmosets, aspecies that livesin sta-
ble family groups, dyadsimproved coordination over time; strikingly,
dominantindividuals frequently attended to and followed the actions
of the subordinate partner, consistent with a positive association
between social intelligence and social status'™®.

Atthesecond level of socialintelligence, individuals possess ToM —
the capacity torecognize that otherindividuals possess internal mental
states, such as beliefs, desires, intentions and emotions, that may dif-
fer from their own, and can attribute such states to both themselves
and other individuals, as first formally articulated by Premack and
Woodruff in 1978 (ref. 174). Advanced ToM enables more accurate
inference of the needs and perspectives of other individuals, allowing
individuals to anticipate the responses of other individuals, adjust their
behaviour accordingly, and build and maintain social networks more
effectively'” ', Compelling evidence for ToM remains strongest in

humans. Although some studies suggest that non-human primates,
particularly great apes, cantrack the goals, perceptions or knowledge
of otherindividuals, whether they do so through attribution of mental
states or through sensitivity to behavioural cues and learned associa-
tions remains unclear*'”>, Whether non-human species possess ToM
inthe fullhuman sense remains anopen and actively debated question.

Neural mechanisms of social intelligence
The mPFC has emerged as a key region for social intelligence
(Table1). Anatomically, it occupies the anterior portion of the frontal
lobe along the medial wall. Inrodents, the mPFC comprises the anterior
cingulate cortex (ACC) and prelimbic and infralimbic cortices, with
the ACC positioned dorsally and the infralimbic cortex ventrally. In
primates, the mPFC spans the medial surface of the frontal lobe and
is broadly subdivided into dorsomedial (dmPFC) and ventromedial
(vmPFC) sectors. The ACC forms the innermost component of the
mPFC, arching around the anterior corpus callosum; from dorsal to ven-
tral, it can be further subdivided into dorsal, perigenual and subgenual
regions (dACC, pgACC and sgACC), with the dACC generally associated
with dmPFC and the pgACC and sgACC with vmPFC"®,

Notably, the rodent mPFC does not appear to containdirect homo-
logues of all primate mPFC subregions. It is exclusively agranular,

196,197

Table 1| Neural substrates supporting social intelligence
across species

Social intelligence Region Species Refs.
functions
Monitoring the actions and PL, ACC Mouse 189,201-204
status of other individuals
mPFC Monkey 205,206
mPFC Human 207
Encoding the reward of ACC Monkey 208,209
other individuals (versus
oneself) dmPFC, VTA  Monkey 210
NAc Rat 229
Encoding the emotional ACC Mice or 211,212
state of other individuals rat
ACC Vole 213
ACC Human 214,215
Effort evaluation and ACC Rat 216,219
decision-making
ACC Monkey 217,218
Observation learning ACC Mouse 222
ACC-BLA Mouse 223
mPFC Monkey 206
Mental-state inference dmPFC Human 234,235,238,239,
(ToM) 241,246,247
vmPFC Human 251
pSTS Human 237,238,241
TP) Human 238,239,

248-250,252,253

ACC, anterior cingulate cortex; BLA, basolateral amygdala; dmPFC dorsomedial prefrontal
cortex; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; PL, prelimbic cortex;
pSTS, posterior superior temporal sulcus; ToM, theory of mind; TPJ, temporoparietal junction;
vmPFC, ventromedial prefrontal cortex; VTA, ventral tegmental area.
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lacking a well-developed layer 1V, and has been proposed to be homolo-
gous primarily to the agranular components of the primate medial
prefrontal cortex, specifically the ACC*'*°, By contrast, the granu-
lar regions of the human mPFC, including Brodmann areas 9 and 10,
appear to be absent in rodents. As a result, cognitive functions sup-
ported by granular prefrontal regions may be limited or difficult to
model in rodents**°. Nevertheless, across rodents, non-human pri-
mates and humans, neurons withinmPFCencode rich ‘other-oriented’
information°. Below, we summarize these findings and specify
relevant mPFC subregions whenever possible.

mPFC neurons signal information about the actions of other indi-
viduals, relative status (such aslocation and strength), and the outcomes
of those actions. For example, in mice, some prelimbic cortex cells
selectively increase activity during the behaviour of an opponent in
both the tube test and free social interactions***°%, Similarly, during
afood competition task, a subset of mPFC neurons in low-performing
mice were excited when high-performing conspecifics succeeded in
obtaining reward®®. Ina competitive foraging task, ACC cells adaptively
represent the strength of an opponent relative to oneself, even before
the start of competition®. Likewise, a recent preprint has reported
that, inasocial cooperation task, mPFC neurons encoded trial-by-trial
leader-follower roles and represented an egocentric spatial map of the
position of the partner. Inhibiting mPFC selectively impaired the ability
of the follower to adjust behaviour on the basis of the location of the
leader to maximize reward™’. Innon-human primates, many dmPFC cells
were foundto encode the actions of a partner monkey (such as whether
they were pressing a green or yellow button) and the associated out-
comes (reward or no reward)’°>?°, In humans, functional magnetic
resonance imaging (fMRI) studies similarly revealed mPFC activation
during observation of the decisions of other individuals®”’. Notably, the
activation magnitude depended heavily on whether observers were
required to infer the underlying intentions of the other individuals®”.

mPFC cells also encode rewards delivered to other individuals.
Neuronsinthe monkey anterior cingulate gyrus (ACCg) were reported
tosignal reward outcomes delivered to oneself, to another individual,
or to both?*®, This activity is functionally important: with an intact
ACCg, monkeys learn cues associated with rewards delivered to
their partners and often choose to provide such rewards rather than
deliver nothing. By contrast, following ACC lesions, monkeys fail to
learn cues associated with vicarious reinforcement®*’, Interestingly,
mPFCresponses are influenced by the relative distribution of rewards
betweenselfand otherindividuals. In one study inwhich the recorded
monkey received a constant reward while the probability of the reward
ofits partner varied, dmPFC cells changed their spiking activity based
on both self-reward and partner-reward amounts. Notably, when the
reward probability of the partner increased, the recorded monkey
devalued its upcoming self-reward, as reflected by reduced licking and
changes in choice behaviours™°.

Beyond actions and outcomes, the mPFC, particularly the ACC,
encodes the emotional states of other individuals. Single-cell calcium
imaging and electrophysiological recordings in mice and rats show
increased ACC activity when animals observe conspecifics experi-
encing pain (such as injury) or fear (such as that resulting from an
unpredictable footshock)?"*2, Functionally, inhibiting ACC neu-
rons in mice reduces helping behaviours towards distressed con-
specifics, such as allolicking, indicating its causal role in empathic
responding®?. Similarly, in prairie voles, ACC neurons exhibit mark-
edlyincreased FOS expressionwhenindividuals observe their stressed
partners®®, Observing animals display anxiety-like behaviours,

including self-grooming and freezing, which are abolished by local
infusion of oxytocin receptor antagonistsinto the ACC*”. In humans,
observing other individuals in pain robustly activates the ACC and
insula, often overlapping with regions engaged during firsthand
pain experience”*?”. Such shared activation patterns are widely
considered a neural basis of empathy.

How does this wealth of other-oriented information help animals
navigate complex social landscapes, including decisions about whom
toally with and whom to compete against? First, individuals use infor-
mation about the strengths, intentions, past behaviour and social
relationships of other individuals to estimate the probable costs
and benefits of different actions. Such assessments can guide deci-
sions on whether to engage in competition or to affiliate, cooperate
and form alliances. Electrophysiological and perturbation studies
in rodents (rats) and non-human primates (monkeys) implicate the
ACC as a key site for such assessment. In non-social tasks, ACC neu-
rons encode action-outcome associations and guide selection of
strategies that maximize reward”¢ '8, Disruption of ACC function
impairs effort allocation towards optimal strategies®””®, Similarly,
insocial competition tasks, ACCincorporatesinformation about the
opponent into the calculations that guide actions. For example, in a
competitive foraging paradigmin whichrats choose betweenasmall,
uncontested reward and alarger reward requiring competition, ACC
neuronal activity dynamically tracks therelative value of each option,
and the choices of animals closely follow these neural signals. When
rats can choose among different opponents, ACC neurons respond
preferentially to weaker or less motivated competitors, biasing ani-
mals towards lower-cost contests?’. Notably, accurate assessment
of opponents and prediction of fighting outcomes can help animals
faced with social conflict to select the right fight and avoid costly
outcomes. Intriguingly, primates such as macaques rely more heavily
onthreat displays than on physical attacks to establish and maintain
dominance-subordinate relationships?° than rodents. This species
difference may in part reflect the greater cognitive capacity of pri-
mates to evaluate social information. Such information may then be
used to modulate attack initiation via projections from the mPFC to
the periaqueductal grey, a key premotor region for the execution of
aggressive behaviours™?”,

Second, information about the experiences of other individu-
als supports observational learning. In chimpanzees, juveniles that
closely observe social interactions, learning dominance relation-
ships, alliance structures, and norms of coalitionary support form
more effective alliances as adults, and this social knowledge strongly
predicts later rank attainment'®, Similarly, rhesus monkeys canlearn
dominance-subordinate relationships among other individuals by
observing their interactions alone'”*. Recordings from macaque mPFC
identified neurons that are activated by the erroneous actions of
a partner in tasks wherein the observing monkey learned from the
action-outcome contingencies of the partner to guide its own future
decisions®®. Rodents also exhibit observational learning. Mice can
learn the aversive value of specific contexts or cues by observing a
conspecific experience pain, for example, when footshocks are deliv-
eredinassociation with a predictive auditory cue. Inactivation of the
ACC or its inputs from the parafascicular or mediodorsal thalamic
nucleiseverely impairs this form of learning® At the output level, the
ACC transmits information about the aversive experiences of other
individuals to the BLA, wherein it can function as an unconditioned
stimulus to support associative learning?”’. Because direct experience
is limited and costly, learning from other individuals dramatically
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expands the knowledge of anindividual about the social and physical
environment.

Third, the ability to compare one’s own effort and reward with
that of other individuals is fundamental to cooperation. Sustained
cooperation among unrelated individuals requires mechanisms that
ensure proportionality between contribution and pay-off, that is,
fairness®**. When pay-off disparities become excessive, disadvan-
taged individuals often respond with negative affect and withdraw
from cooperative interactions, a phenomenon known as inequality
aversion®”?¥, Accordingly, leaders who consistently demonstrate fair-
ness, particularly in their treatment of followers, are evaluated as more
trustworthy and effective, thereby linking fairness to elevated social
status®®. As noted above, the mPFC in monkeys encodes the rewards of
otherindividualsrelative to their own rewards*’, allowing detection of
reward inequality. Inrats, observing another animal repeatedly receive
rewards suppresses dopamine release in the ventral striatum and
elicits stress-related vocalizations in the observer, whereas identical
reward delivery to an empty box does not. This dissociation indicates
that perceived social inequality, rather than simple reward omission,
drives the aversive response®”’. Together, these findings suggest that
inequality signals computed in the mPFC engage mesolimbic dopamine
circuits, suppressing ventral striatal dopamine and generating an
aversive affective state.

Last, in humans, observable other-oriented information can be
leveraged to infer the mental states of other individuals and predict
future behaviour. Individuals with superior ToM abilities navigate
social interactions more effectively and have higher tendency to
attain influential positions. For example, developmental studies
show that children with stronger ToM skills are rated as more socially
competent and have higher tendency to emerge as leaders®*°, whereas
adultleadership researchidentifies perspective-taking and accurate
inference of the intentions of other individuals as key predictors of
leadership effectiveness™**2. Neuroimaging studies consistently
show that the mPFC, particularly dmPFC regions (Brodmann areas
8,9and10), isrecruited during mental-state inference tasks, regard-
less of whether the ‘other’ is represented by geometric shapes, car-
toons or narrative protagonists***~2*, During strategic games such
as rock-paper-scissors, mPFC activity increases when participants
believe they are competing against another human and attempt to
model the strategy of that opponent, even when the opponent is
actually acomputer®s>¥,

In addition to mPFC, posterior cortical regions, including the
temporoparietal junction (TP)) and posterior superior temporal sulcus
(pSTS), are consistently engaged during mental-state reasoning in
humans®°2*2, The pSTSis particularly involved in processing biologi-
cal motion and dynamic facial expressions®**, whereas TPJ integrates
this information to generate model-based predictions of the men-
tal states and actions of other individuals, which are then communi-
cated to mPFC***?*, Consistent with the imaging results, lesions to
the frontal cortex or TPJ impair sophisticated social reasoning?*® 2%,
and transient disruption of TPJ or mPFC using transcranial magnetic
stimulation or transcranial direct current stimulation similarly impairs
mental-state inference?*>**, Conversely, increasing dmPFC excitability
using high-definitiontranscranial direct current stimulation enhances
‘mind-reading’ ability*>.

Notably, bothmPFC and TPJ-pSTS are among the most expanded
cortical regions in humans relative to macaques®***. In fact, a strict
one-to-one homologue of the human TP) may not exist in non-human
primates”®. Together, these findings identify the mPFC and TPJ-pSTS

network as a core substrate for ToM, although important questions
regarding the precise computations andinteractions within this system
remainopen.

Across species, socialintelligence enables individuals to monitor
the actions, status, relationships, emotions and outcomes of other
individuals and to use this information to choose when to compete,
when to cooperate and with whom to align. The mPFC, together with
connected cortical and subcortical circuits, appears central to these
computations, supporting strategic assessment, observational learn-
ing, sensitivity to fairness and, in humans, mental-state inference
(Table1). These processes are all highly relevant to alliance formation
because successful coalitions require accurate evaluation of partner
quality, prediction of the behaviour of other individuals, flexible adjust-
ment to shifting relationships, and avoidance of costly or unstable
social commitments. Thus, alliance-based hierarchies can be viewed
as an emergent product of advanced social intelligence: the more
effectively individuals infer, learn from and strategically respond to
other individuals, the more successfully they can form alliances and
convertsocial relationships into durable influence and status.

Concluding remarks
Social hierarchy is a fundamental and widespread social structure in
whichindividuals occupy different ranks, tiers or classes. High social

Glossary

Hebbian synaptic potentiation
An activity-dependent increase in
synaptic strength that occurs when
presynaptic input repeatedly coincides
with postsynaptic activity, often
summarized as “cells that fire together
wire together”

Reinforcement learning

A trial-and-error learning process in
which behaviour is shaped by rewards
and punishments, such that actions that
lead to favourable outcomes become
more likely, whereas actions that lead

to unfavourable outcomes become

less likely.

Sexual selection

An evolutionary process in which traits
are favoured owing to their effects on
reproductive success through mate
choice or competition within a sex.

Social behaviour network
(SBN). A conserved set of highly
interconnected brain regions, including
the extended medial amygdala,
hypothalamic nuclei and midbrain
regions, which regulate core social
behaviours such as aggression, mating
and parenting.

Social capital

A set of resources that are accessible
through social relationships and
networks, shaped by trust, reciprocity
and social structure.

Social intelligence

The ability to perceive, understand
and flexibly respond to social cues,
including inferring the identities,
intentions and emotional or mental
states of other individuals, to navigate
and maintain social relationships.

Social learning

An experience-dependent process
in which individuals change their
behaviour or internal representations
on the basis of information acquired
from other individuals through direct
interaction or observation.

Social vigilance

A state of enhanced attention to social
cues and conspecific behaviour that
supports rapid detection of threat,
opportunity or changes in social
context.

Nature Reviews Neuroscience


http://www.nature.com/nrn

Review article

Residency-based social hierarchy

838

o Q

T w N

58

@3
§ o Territorial ownership ¢ Repeated agonistic interactions
.3 * Resident advantage o Winner-loser plasticity
9 * Rapid switching e Stable dominance

e Subcortical (SBN)
« Endocrine (hormone)

Neural
substrates

Territory

Dominant
strategy

Fighting-based social hierarchy

e Hypothalamus (VMHvL)
» Mesolimbic circuit

Aggression

Alliance-based social hierarchy

b,

e Coalition formation
¢ Relationship-based rank
» Social intelligence

e Cortical (mPFC network)

Social intelligence

Simple social systems

Fig. 4 | Evolutionary and neural organization of social hierarchy mechanisms.
Social hierarchies arise through three major, partially overlapping mechanisms:
residency-based, fighting-based and alliance-based strategies. In residency-
based hierarchies, rank is determined by territorial ownership, with residents
typically prevailing over intruders and status shifting rapidly as territory
availability changes***>¢°-**, This form of hierarchy is supported primarily by
subcortical social behaviour network (SBN) and endocrine regulation*®¢70727,
In fighting-based hierarchies, rank emerges through repeated agonistic
interactions, during which winner-dependent and loser-dependent plasticity
progressively biases animals towards aggression or avoidance, ultimately
stabilizing dominance relationships'**’**", These processes are mediated by

Complex social systems

hypothalamic circuits, including the ventrolateral part of the ventromedial
hypothalamus (VMHvI)*5868991 together with a broader mesolimbic
network!**19#19°7112 In alliance-based hierarchies, rank is shaped by coalition
formation and social relationships, relying on strategic cooperation and social
intelligence supported by cortical networks centred on the medial prefrontal
cortex (mMPFC)*11¢37169191%7 Across evolution, as social systems increase in
complexity and group size, there is a broad shift from territory-based and
aggression-based strategies to alliance-based strategies, accompanied by a
transition from predominantly subcortical to more cortical control*"””. These
mechanisms are not mutually exclusive, and many species combine multiple
strategies to determine social rank.

status confers priority access to resources and greater influence within
the group, making it highly desirable in most cases, despite the high
energetic and survival costs in some species® >, Across species, the
factors determiningthesocial status of anindividual vary widely (Fig. 4).
Ineusocialinsects, for example, social classis rigid and primarily deter-
mined by genetic and environmental factors during development’. In
A.burtoni,social statusis dynamically regulated mainly by asingle vari-
able, territory. In most animal species, however, social hierarchies are
established through agonisticinteractions. From each fight, individuals
learn toavoid conflict with those possessing superior fighting ability. This
outcome-based learningis supported by plasticity in both hypothalamic
socialbehaviour circuits and mesolimbic reinforcement learning circuits.

Inmodernhumans, aggression hasaminimal roleinattainingsocial
dominance. Instead, social status is achieved via a prestige-alliance-
institution cycle, in whichsocial intelligence is central to building alli-
ance networks that enable the conversion of individual prestige into
institutionally certified status. The mPFC serves as the core region for
encoding diverse other-oriented information, whichis then transmit-
ted to downstream brain regions to guide decision-making, obser-
vational learning and judgments of fairness. With the support of an
expanded mPFC and TPJ, humans also possess the capacity to infer
the mental states of other individuals and anticipate their behaviours.
This ability underlies complex social interactions, communication
and cooperation that surpass those of other species. Individuals with
high socialintelligence can accurately infer the thoughts, beliefs and
intentions of other individuals and adapt their behaviour accordingly

tobuild strongrelationships. Consequently, they have higher tendency
to convert prestige into formalized institutional status® and to function
as effective leaders™*,

In species that live largely solitary lives or in large, fluid groups,
individuals obtainresourcesindependently, and fighting remains the
main mode of competition'. By contrast, in animals that live in small
or moderately sized groups with stable membership, social hierar-
chies have increasingly shifted from being primarily fighting-based to
alliance-based, as coalition formation and cooperative relationships
become moreimportant than individual physical strength for attaining
high status'*'®>*°, This shift favours the reproductive success of individ-
uals that are skilled at navigating complex social interactions to form
and maintainalliances, thereby driving the evolutionary elaboration of
socialintelligence over generations. In early humans, hunting was the
primary means of obtaining high-value nutrients, which required col-
laboration and resource sharing, further accelerating the evolution of
socialintelligence?”.Inmodern humans, physical aggressionislargely
discouraged, whereas cooperation, from sharing household respon-
sibilities to collaborating with colleagues, has become a fundamental
part of daily life. As the means of attaining social dominance shifted
over evolutionary time, the neural circuits supporting social-status
success also expanded, transitioning from a hypothalamus-centred
social behaviour networkinnon-human mammals toamore elaborated
mPFC-centred cortical network in humans®**° (Fig. 4).
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